ABSTRACT-The effect of N-methyl-D-aspartate (NMDA) on KCl-evoked endog enous dopamine (DA) release from slices of rat globus pallidus (GP) was examined. NMDA inhibited the KCI-evoked DA release in a dose-dependent manner. This in hibition was blocked by CPP, an NMDA antagonist. Tetrodotoxin partially antago nized the effect of NMDA. The NMDA-induced inhibition was also partially antago nized by bicuculline methiodide and was mimicked by muscimol. These results strong ly suggest that 1) an activation of NMDA receptors exerts an inhibitory effect on dopaminergic transmission in GP and 2) GABAergic transmission is involved in the effect of NMDA.
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Glutamatergic transmission mediated by N methyl-D-aspartate (NMDA) receptors in the globus pallidus (GP) has been suggested to play an important role in motor and posture control. A behavioral study in rats showed that blockade of glutamatergic neurotransmis sion mediated by NMDA receptors in GP pro duced rigidity and catalepsy, while a focal in jection of NMDA into GP increased motility (1).
Recently it has been demonstrated that NMDA receptors interact with dopaminergic transmissions in the neostriatum (2), substan tia nigra (3) and frontal cortex (4) of rats. Furthermore, NMDA antagonists have been shown to facilitate locomotor activity in monoamine-depleted mice (5) and reverse neuroleptic induced catalepsy in rats (6) . GP also has a sparse but widespread dopaminergic innervation from the substantia nigra (7), but the role of NMDA receptors of GP in dopa minergic transmissions is poorly understood. It is thus considered of interest to investigate a possible interaction between glutamatergic and dopaminergic systems in GP. The present study was undertaken to examine the effects of NMDA on endogenous dopamine (DA) re lease from slices of rat GP.
Male Wistar rats weighing 150 200 g were decapitated under light ether anesthesia, and the brains were rapidly removed and placed in ice-cold Krebs Ringer solution of the following composition: 118.0 mM NaCI, 4.7 mM KCI, 1.3 mM CaC12, 1.2 mM MgC12, LO MM NaH2PO4, 25.0 mM NaHCO3 and 11.0 MM D glucose. Each brain was trimmed with a razor blade to a block containing the region of GP. Parasagittal slices of 400 ,u m thickness were cut from the block with a vibratome. The slices were preincubated at 37°C for 1 hr before they were used in the release study. Each slice was stimulated by changing the medium with 100 ,u l of Mg-free Krebs Ringer solution containing 30 mM KCl for 10 min at 37°C. Following the termination of the stim ulation, the medium was quickly collected in a sample cup on ice to determine the amount of released DA. The slices were sonicated im mediately on ice with 1001al of ice-cold 0.1 M perchloric acid containing 0.1% Na2EDTA and 0.1 % of Na2S2O5 and then centrifugated at 10,000 X g for 10 min at 4°C. The super natant was filtered through a membrane filter and then its DA content was determined by liquid chromatography. DA release was ex pressed as a percentage of the total DA con tent (the medium plus slice content). DA re lease induced by 30 mM KC1 in the absence of drug was 29.2 ± 2.2% (mean ± S.E.M., n = 52). Drugs were applied for 10 min during which the tissues were stimulated with 30 mM KCI. Dunnett's t-test was used following a one-analysis of variance, and numerical data are presented as means ± S.E.M. The drugs used in this study were NMDA (Sigma), 3 [(±)-2-carboxypiperazin-4-yl]-propyl-l-phospho nic acid (CPP, Tocris Neuramin), tetrodotoxin (TTX, Wako), bicuculline methiodide (Sigma) and muscimol (a gift from Yoshitomi Phar maceutical Industries, Ltd.). Figure 1 shows that NMDA had an inhibi tory effect on 30 mM KCl-evoked endogenous DA release from slices of GP in a dose-depend ent manner. The inhibitory effect of 100 ,u M NMDA was significantly blocked by 100 ,u M CPP (P < 0.01, Fig. 2 ). CPP at 100,aM had no significant effect on KCI-induced DA re lease. CCP at 20 pM partially but not signifi cantly antagonized the inhibitory effect of 100 ,uM NMDA (57.5 ± 9.2% of control, n = 11). The effect of NMDA was also examined in the presence of TTX in order to determine whether the inhibitory effect of NMDA is mediated through an activation of voltage-de pendent Na+ channels. TTX at 100,uM had no significant effect on KCI-evoked DA re lease but partially antagonized the inhibitory effect of NMDA. Bicuculline methiodide at 100 ,uM also partially antagonized the inhibi tory effect of NMDA and slighty, but not sig nificantly, increased DA release. Furthermore, 100 ,u M muscimol significantly depressed 30 mM KCI-evoked DA release (P < 0.01, Fig.  2 ).
The present result shows that activation of NMDA receptors exerts an inhibitory effect on the dopaminergic transmission in the GP. The effect of NMDA was antagonized by bicuculline methiodide, a GABAA receptor antagonist, as well as by CPP, an NMDA re ceptor antagonist. Furthermore, the effect of NMDA was mimicked by muscimol, a GABAA receptor agonist. Thus, it is likely that GABAergic transmission is involved in the inhibitory effect of NMDA on DA re lease. Recent studies have suggested that the subthalamus sends glutamatergic fibers to the GP (8, 9) . Most GP neurons are GABAergic neurons projecting to the subthalamus (10) and have extensive local axon collaterals, as demonstrated by an intracellular HRP study (11) . Therefore, the inhibitory effect of NMDA on DA release may be through an activation of GABAergic GP projection neurons whose axon collaterals make synaptic contacts with DA nerve terminals. Similar in direct inhibitory effects of NMDA on trans mitter release mediated through GABA have been reported by in vivo release studies utiliz ing push-pull canula. Becquet et al. have re ported that NMDA inhibits the release of [3H]serotonin through an activation of GABAergic interneurons in the cat caudate nucleus (12) . Hata et al. also suggested an in volvement of GABAergic neurons in the in hibitory effect of NMDA on dopaminergic transmission in rat medial frontal cortex (4) . In an electrophysiological study, Gallagher and Hasuo have suggested that NMDA could hyperpolarize the membrane of dorsolateral septal nucleus neurons by an activation of lo cal GABAergic inhibitory interneurons (13) .
The existence of a TTX-insensitive compo nent in the inhibitory effect of NMDA, however, suggests other sources of GABA which can be released by NMDA without an activation of voltage-dependent Na+ channels. Intracellular accumulation of Na+ through NMDA receptor-channels may cause the carrier-mediated GABA release from GABAergic GP neurons. Another possible source of GABA is cut terminals of GABAer gic striato-pallidal fibers. Other mechanisms without induction of GABA release, however, also can not be ruled out for the TTX-insensi tive effect of NMDA. For example, NMDA could modulate DA turnover through an activation of calmodulin-dependent protein kinase which activates tyrosine hydroxylase (14) . Furthermore, NMDA has been shown to selectively block N-type Ca 2+ channels (15) which are thought to be involved in transmit ter release.
The different mode of NMDA action on dopaminergic transmissions in the neostriatum and GP may reflect the different distributions of NMDA receptors in these two brain re gions. The facilitatory effect of NMDA on DA release in the neostriatum is explained by an activation of NMDA receptors located on DA nerve terminals (2), while the inhibitory effect of NMDA on DA release in GP can be considered to involve activation of NMDA re ceptors mainly located on GABAergic projec tion neurons. The precise functional signifi cance of the present result remains to be de termined, but the present study provides evi dence for the possible interaction between these three neurotransmitters in the basal ganglia. 
